A novel chelating resin using chitosan as a base material, ethylenediamine-type chitosan, has been synthesized for the first time in the present study, and applied to the collection / concentration of ultratrace amounts of silver in environmental water samples. In the present study, ultratrace amounts of silver collected on the resin were eluted and determined by ICP-MS. The resin packed in a 1-mL mini column could adsorb silver selectively and quantitatively at a flow rate of 2 mL min -1 in the wide pH range from 1 to 8, and silver adsorbed on the resin could be easily recovered by passing 1 M nitric acid as an eluent into the column. High adsorption capacity for silver at pH 5, 0.37 mmol mL -1 of the resin, was achieved, and t 1/2 of the adsorption is less than 5 min. The effect of chloride on the collection of silver was examined by varying chloride concentrations from 10 -4 M to 0.75 M;
Introduction
Determination of ultratrace elements in various complex samples has a lot of limitations because of high concentrations of sample matrix and very low concentrations of target analytes [1] . Although inductively coupled plasma mass spectrometry provides high sensitivity and selectivity for the determination of trace elements, direct analysis of samples containing highly concentrated matrices (e.g. seawater) is not recommended because highly dissolved solid elements in the samples can blockade the cones and deposit on ion lenses over a prolonged analysis run, which causes signal changes and hence degrade signal stability, and a mass detector can be damaged owing to high concentrations of ions. Matrix in samples also can cause polyatomic interferences, isobaric interference with the determination of target analytes, which can give erroneous analytical results. Therefore, some pretreatment procedures for chemical separation and concentration are requisite.
In recent years, syntheses and analytical applications of chelating resins have studied widely for the collection and the concentration of trace and ultratrace amounts of elements in various samples.
Chitosan is an amino polysaccharide obtained by deacetylating of chitin. The main characteristics of chitosan are hydrophilicity, harmlessness for living things and biodegradability, easy chemical derivatization, and capability to adsorb a number of metal ions. Therefore chitosan seems to be very interesting starting material for chelating resins.
Silver is an important element that is widely used for human life. Because of its bacteriostatic properties, silver compounds are often used in filters and other equipments to purify water of swimming pool and drinking water, and used in the processing of foods, drugs, and beverages. In many countries, silver-impregnated filters are used for drinking water preparation [2] .
In the past decade, the interest in measuring trace and ultratrace amounts of silver in natural waters has increased due to concerns over its toxicity to aquatic organisms. The biological purpose of silver found in the body of mammals has been unknown, while silver is suspected of being a contaminant. In mammals, silver usually interacts competitively with essential nutrients, especially with selenium, copper, vitamin E, vitamin B12 [2] . Soluble silver salts are in general more toxic than insoluble salts. In natural waters, the soluble monovalent species is in the form of environment concern and is controlled by the concentration of free silver ion (Ag + ) and other silver complexes of chloride ion [2] [3] .
Silver is usually found at extremely low concentrations in natural waters because of its low crustal abundance and low mobility in water. It is obvious that for monitoring silver concentrations in natural waters to study silver toxicity effect on bio-organism in oceanographic research and survey work, highly sensitive and selective methods for silver determination are required.
Currently, some researches for the determination of silver in water have been reported; they propose some preconcentration procedures, including solid phase extraction (SPE) [4, 5, [9] [10] [11] [12] [13] [14] [15] [16] [17] . Solvent extraction is more familiar than SPE to separate and determine Ag in seawater samples: most of these methods used ammonium pyrrolidine dithiocarbatediethylammmonium diethyldithiocarbamate (APDC-DDDC) as an extractant [6] [7] [8] .
The SPE methods for the enrichment pretreatment of silver employed chelating resins with sulfur as a coordinating group [9] [10] [11] [12] [13] [14] . Generally, the resins with sulfur as a coordinating site are highly selective for noble metals, such as Hg, Ag and Au. Sulfur can make strong coordination with silver, because sulfur has 'soft' coordination site that possesses great affinity toward 'soft' cations such as silver [18] . However, thiosulfate or thiourea must be used for the desorption of silver from the resins. Other resins that contain no sulfur in functional groups are usually not selective for silver, which means that other elements can be also adsorbed on the resins [15] [16] [17] . One of the advantages of the resins having no sulfur in the functional groups is the easiness of silver elution with acid solutions.
A colorimetric method coupled with SPE method was found to be selective for silver determination. The method, however, showed a poor detection limit [19, 20] .
Chelating resins with N-coordination sites, such as ethylenediamine, diethylenetriamine and EDTA, are highly specific for transition metal ions. Of these, ethylenediamine is a bidentate ligand that can coordinate silver ions through two nitrogen atoms: presumably it is more selective for silver ion than diethylenetriamine and EDTA. [25] . However there has not been any publication for the ethylenediamine chitosan resin, especially for collection and preconcentration of silver.
The purpose of this work is to develop a novel chelating resins for silver ion using chitosan as a base material and to determine ultratrace amounts of silver by ICP-MS coupled with the method for the selective collection / concentration of ultratrace amounts of silver in environmental water samples with the synthesized chitosan resin
Experimental Instruments
All measurements were carried out by an ICP-MS, a Model SPQ8000H System (Seiko Instruments Co. Tokyo, Japan). The operating conditions are listed in Table 1 . An automatic potentiometric titration system was used for the acid base titration (Model AT-510, Kyoto Electronics Manufacturing, Co. Ltd., Japan). Infrared spectra (4000-400 cm -1 ) were recorded on a Jasco FT/IR-4100 (Jasco International Co. Ltd., Japan).
Reagents and Solutions
The chitosan used in this work was a flake type (Tokyo Kasei Co. Ltd., Tokyo, Japan), and its deacetylated degree was about 80 %. All other reagents used for the synthesis of ethylenediamine-type chitosan resin were of analytical reagent grade.
A multielement stock standard solution (58 elements, 1 μg mL -1 ) was prepared by diluting an analytical multielement standard solution, which contains 10 μg mL Chemicals, Tokyo, Japan) was used and diluted with an ultrapure water to give a 0.1 M, a 1 M or a 2 M solution.
An internal standard solution was prepared by diluting a rhodium standard solution for AAS (Wako Pure Chemicals, Osaka, Japan) in 1 M nitric acid. This solution was added to blank, calibration standard solutions, and samples for correcting matrix effect [26, 27] . The ultrapure water (18.3 MΩ cm -1 resistivity) was prepared by an Elix-3/ Milli-Q element system (Nihon Millipore, Tokyo, Japan).
All of sample solutions were acidified to pH 1 by adding nitric acid for storing, and the pH of the sample solutions was adjusted to 5 just before the column pretreatment by adding small amounts of ammonia solution.
CASS-4 near shore seawater reference material was purchased from Chemical Metrology, Institute for National Measurement Standards, National Research Council of An ethylenediamine-type chitosan resin was synthesized in 2 steps, as shown in Fig. 1 .
In
Step 1, the cross-linked chitosan having free amino groups was synthesized according to the previous work [28] . In Step 2, the cross-linked chitosan possessing ethylenediamine was synthesized by the following procedure. Five grams of cross-linked chitosan was suspended in 100 mL of the mixture of water -ethanol (1:1), and then 10 g of chloromethyloxirane was
added to the suspension. The mixture was refluxed for 3 hours, and then cooled. The solid product was filtered on a filter paper, and then washed each three times with ethanol and water to remove chloromethyloxyrane remaining. The solid product was suspended in 100 mL of dioxane, and to this 10 g of ethylenediamine was added. Then, 40 mL of 1 M sodium hydroxide was added. The suspension was refluxed for 3 hours, and then cooled. The product was filtered, and washed each three times with ethanol and water.
Mini column procedure for collection and concentration of silver
Before the use of the resin for the collection / concentration of silver, the ethylenediamine-type chitosan resin was cleaned to remove metal impurities in the resin.
Twenty milliliters of the wet resin was transferred to the plastic beaker, and to it, 80 mL of 2 M nitric acid was added. The mixture was carefully stirred at low speed for 6 hours. The aqueous solution was decanted, and the resin was rinsed with ultrapure water.
About 1 mL of ethylenediamine-type chitosan resin was packed in a mini column (5.0 mm i.d. x 50 mm, 1 mL of volume, Muromachi Chemicals, Kyoto, Japan). Through the column were passed 10 mL of 2 M nitric acid, 10 mL of ultrapure water for washing and 5 mL of buffer solution (pH 1-2: nitric acid; 3<pH<9: 0.5 M ammonium acetate buffer) for column conditioning. After the pretreatment of the column, sample solutions, the pHs of which were adjusted to appropriate pH, were passed through the column, and then 5 mL of the ultrapure water was passed for eliminating matrix ions. Finally, 10 mL of 1 M nitric acid was passed through the column for recovering metal ions adsorbed on the resin. All of the effluents were collected in pre-cleaned screw-capped polypropylene bottles, and then analyzed by ICP-MS after adding Rh as the internal standard.
Throughout the column pretreatment, the flow rate of the rinsing solutions, samples, and the eluent were maintained at about 2 mL min -1 . The time required for the whole column pretreatment (for 10 mL of sample solutions) was about 25 min.
Results and discussion
Characteristics of the ethylenediamine-type chitosan resin FTIR spectra were recorded and presented in Fig.2 . The band at 825 cm -1 in Fig From the result of the titration, it could be estimated that the ratio of ethylenediamine and the unit of cross-linked chitosan was about 1 : 2. However, there was an original chitosan which did not react with chloromethyloxirane, as confirmed from IR band at 1650 cm -1 in Fig.   2B . Therefore from the synthesis result, there are two probabilities of the structure of ethylenediamine-type chitosan resin, as can be seen in Fig. 1 .
Adsorption capacity of ethylenediamine-type chitosan resin
The ethylenediamine-type chitosan resin could be used for the collection of ultratrace amounts of silver at wide pH range. However, pH 5 was chosen to examine the adsorption capacity. At pH 1, the resin can adsorb silver selectively, but the chelation is seemed to be weaker. Cu(II) [18] .
Adsorption behavior of metal ions on ethylenediamine-type chitosan resin
The ethylenediamine-type chitosan resin can adsorb Ag(I) at pH 1-8, Sn(II) at pH 4-9, Bi(III) at pH 3-9, and Th(IV) at pH 6-9 quantitatively through a chelating mechanism and /or an anion exchange mechanism. They could be recovered completely with 10 mL of 1 M nitric acid. The results obtained for the behavior of the adsorption of metal ions were shown in Fig.   4 . Referring to the previous results [28] , the ethylenediamine moiety on the cross-linked chitosan gave a specific characteristic on the adsorption of silver. A cross-linked chitosan itself could adsorb silver quantitatively only at pH 5-6, while the ethylenediamine-type chitosan resin synthesized in this work could adsorb silver quantitatively in wide pH range from 1 to 8. This is because Ag(I) can form stable chelate not only with N-sites of ethylenediamine, but also with N-sites of amino groups of the cross-linked chitosan. However, with ethylenediamine, a 5-membered ring chelate could be formed, which means that Ag(I)
can form more stable chelate with ethylenediamine-type chitosan than that with cross-linked chitosan. These metal chelates are shown in Fig. 5 .
The ethylenediamine-type chitosan resin was stable in acidic solutions and could be easily eluted with 2 M nitric acid. The resin was also stable for several-month usuage: even after using for more than 30 times, the adsorption property was the same as the first property.
Detection limit
The detection limit of the proposed method for the determination of silver was examined under the optimal experimental conditions. The instrumental detection limit (IDL) and the method detection limit (MDL), which includes IDL and the enrichment factor, were 8 and 0.7 pg mL -1 , respectively. IDL was calculated as the three times of the standard deviation of 10 replicates of 1 M nitric acid, while MDL was calculated as the three times of the standard deviation of 7 replicates of the blank solution obtained by the whole procedures for the enrichment factor of 50, in which 0.1 M nitric acid was used as the blank solution and the procedure was carried out in the same manner as the sample solution.
Effect of chloride ion
For the determination of ultratrace amounts of silver in seawater samples, it was necessary to examine the effect of chloride ion on the recovery of silver from the samples. Webb et al.), the speciation of silver in waters was predicted [29] . Also, Y. Zhang et al. [6] and T. J. Ward et al. [30] predicted the speciation of silver by using thermodynamic models.
R. H. Byrne reported the principal species as a function of pH for inorganic species of dissolved element in seawater [31] .
It can be concluded that the main species of silver in freshwater are Ag + and a neutral complex, AgCl aq , whereas the main species are chloro complexes of AgCl 3 2-and AgCl 2 -in seawater. The complex AgCl 4 3-does not occur at seawater salinity [30] , and the free ion Ag + and the complex of Ag + with organic ligands is negligible in seawater [6] .
Silver ion can be retained on a strongly basic anion-exchange column as a chloro complex, and subsequently eluted with ammonia or an acetone-nitric acid-water mixture [32, 33] . Ammonia solution was used for recovering silver from the anion exchange resin because silver-ammonia complex was more stable than silver-chloro complex. Similarly, silver-ethylenediamine (en) chelate was stronger than silver-chloro complex; that is K f of [34, 35] . As a result, it can be suggested that the adsorption mechanism of silver with ethylenediamine-type chitosan resin is based on the chelate formation mechanism with ethylenediamine moiety of the resin, as is shown in Fig. 5 .
Determination of silver in CASS-4 nearshore seawater reference material
The accuracy and precision of the proposed column pretreatment using the ethylenediamine-type chitosan resin for the determination of ultratrace amounts of silver in seawater was examined by analyzing CASS-4 nearshore seawater reference material from the National Research Council of Canada (Ottawa, Ontario, Canada). The result of silver analysis performed using the ethylenediamine-type chitosan gave similar results for NRCC-CASS-4
to those reported by other workers [8, 32] . This is not a certified SRM for silver, but has been used for comparative silver analysis by several groups, who report very similar results to those that are reported here, as was summarized in Ag using the solvent extraction with 1-pyrrolidine carbodithioic acid ammoinium salt/ diethyldithiocarbamic acid, diethylammonium salt (APDC/DDDC), and then measured Ag using a Finnegan MAT ELEMENT magnetic sector high-resolution ICP-MS.
Determination of silver in tap, river, and seawater samples
When artificial seawater samples were used to examine the stability of silver in a seawater sample, there was no difference in the recovery between the artificial seawater and the aqueous standard solution, as shown in Table 3 .
The proposed method was successfully applied to the determination of silver in environmental water samples. The analytical data, as well as those of the recoveries of spiked silver, were shown in Table 4 . The silver concentrations in fresh water are several ppt (10 -9 g mL -1 ), and those in seawaters 10-40 ppt.
Conclusion
A novel chelating resin using chitosan as a base material, ethylenediamine-type chitosan, has been developed. The resin has several advantages: high selectivity and adsorption capacity for silver, good stability for several months, easy recovery of silver from the resin and the elution of silver from the resin with 1 M nitric acid. The proposed resin can be used, not only for the separation of silver from high matrix solutions, but also for the preconcentration of silver.
The proposed method gives 0.7 pg ml -1 of the detection limit for 50-fold enrichment factor, and was applied to the determination of silver in tap, river, and seawater samples. Table 2 Determination of silver in CASS-4 nearshore seawater reference material Table 3 Recovery of silver Table 4 Determination of silver in environmental water samples Chelating with ethylenediamine moiety on the cross-linked chitosan; C.
Figure caption
Chelating with amino group of the crosslinked chitosan. ; pH is adjusted to 5 by adding a small amount of ammonia solution. 
